A specialized protein secretion pathway is used by some Gram-negative bacterial pathogens for delivery of virulence factors directly into mammalian host cells. This pathway is parallel to, and probably evolved from, a system used for construction of the bacterial flagellum.
made toward understanding its composition and function, as well as the virulence factors it deploys.
The envelope of the Gram-negative bacterial cell possesses two membranes -an inner membrane bounding the cytoplasm, and a thicker outer membrane acting as the interface with the external environment (Fig. 1 ). Between these two membranes lie the periplasm and the cell wall. Proteins which are to be secreted outside the cell, or displayed on the cell surface, must traverse both the inner and outer membranes. Proteins can cross the inner membrane into the periplasm by the general secretory pathway, which recognizes substrate proteins via a short, amino-terminal signal peptide, analogous to the signal sequence of secreted eukaryotic proteins [2] . In the bacterial general secretory pathway, the signal peptide is removed by a leader peptidase as the translocated protein is released outside the cytoplasmic membrane.
Three systems have been identified for export of proteins across the outer membrane. Two of these pathways, which we will refer to as Type I and Type III [1] , appear to be integrated systems for crossing both the inner and outer membrane, bypassing the general secretory pathway altogether. In contrast, substrates of Type II systems have signal sequences and use the general secretory pathway to cross the inner membrane into the Yop secretion by Yersinia into macrophages. Yop expression is induced on introduction of the bacterium into the host organism [3] . When the bacterium comes into contact with cells such as macrophages, they attach tightly to the cell surface, inducing secretion of Yops. The nascent cytoplasmic Yop is bound by a specific chaperone, and perhaps the YscN ATPase, which may guide it to a gated inner membrane pore (mauve); this pore probably involves several conserved inner membrane proteins. YscN may couple ATP hydrolysis to translocation of Yops through the pore. The Yop is then thought to cross the outer membrane via a gated channel (light orange) generated by the YscC protein.
Finally, it enters the host cell cytoplasm through a channel created by YopB and YopD (green), where it folds into its active conformation. periplasm, where they encounter a Type II pathway for crossing the outer membrane.
Each of these secretory pathways is composed of conserved sets of proteins falling into several functional categories -cytoplasmic and/or periplasmic chaperones which bind and recognize substrate proteins, inner and outer membrane channels, and a means of providing motive force for translocation. Type I pathways include that used for ␣-hemolysin secretion in Escherichia coli, and have as their most distinctive component the inner membrane 'ABC' (ATP-binding cassette) transporter protein.
Type II pathways include that used for pullulanase secretion in Klebsiella, or pilus assembly in many other bacteria. Type III secretory systems have been found in two contexts -for secretion of proteins used to build the bacterial flagellum, and for secretion of non-flagellar virulence factors in Gram-negative bacteria. When it is necessary to distinguish between these systems, we will refer to the flagellar pathway as Type IIIa, and the virulence factor secretory systems as Type IIIb.
The Type III pathway that has been most extensively studied is the Yersinia outer protein (Yop) secretory system. One notorious member of this genus, Yersinia pestis, has historically been the cause of immense human suffering as the agent of bubonic plague. The Yop system consists of ten or more proteins that pathogenic Yersinia express upon infection of a mammalian host [3] . The Yops are critical for evasion of host defenses and establishment of infection; YopH, for example, is a potent protein tyrosine phosphatase that blocks phagocytic uptake and the macrophage oxidative burst, while YopE causes actin microfilament disruption in eukaryotic cells. YopH and YopE must enter the cytoplasm of the target cell in order to be active. Secretion of YopE and YopH is greatly enhanced by intimate contact between the bacterium and the host cell surface, whereupon YopE and YopH are injected directly into the host cell at the site of contact ( Fig. 1) [4, 5] . Remarkably, three membranes -the bacterial inner and outer membranes, and the mammalian host cell membrane -are crossed by YopE and YopH in what is probably a single secretory event.
The virulent properties of Salmonella, Shigella and enteropathogenic E. coli also depend on secreted proteins which use Type III export pathways [6, 7] . Like Yersinia, each of these pathogens forms intimate contacts with host cells, which Salmonella and Shigella can then invade. Whether these organisms mimic Yersinia and inject virulence factors into the cells to which they attach is not yet known. The Salmonella typhimurium Inv and Shigella flexneri Ipa systems, which are necessary for intracellular invasion, involve closely related Type III pathways which are used to secrete similar proteins [8] . Defects in the Inv system attenuate S. typhimurium virulence in mice if the bacteria are administered orally, but not if the bacteria are injected intraperitoneally [9] . This could indicate that epithelial cell penetration via the Inv system is useful to S. typhimurium as an agent of gastroenteritis, but is not involved in systemic infections (such as typhoid fever). A clever technique designed to identify S. typhimurium mutants defective in causing typhoid-like disease in mice recently uncovered a second Type IIIb pathway [10, 11] . Several mutations in strains exhibiting attenuated virulence after interperitoneal injection were found to inactivate a Type IIIb secretion pathway distinct from the Inv system. The identification of secreted virulence factors that use this new pathway is eagerly awaited.
Perhaps the most abundant protein secreted by any bacterium, pathogenic or otherwise, is flagellin, which makes up the helical filament of the flagellum. The flagellum, which is used for propulsion, is composed essentially of a rotary motor buried in the cell envelope driving a helical propeller (the filament) extending out from the cell (Fig. 2) [12] . (Note that the bacterial flagellum is structurally, functionally and evolutionarily distinct from the eukaryotic flagellum.) The filament contains the bulk of the mass of the flagellum, and its assembly demands secretion of thousands of flagellin monomers, as well as other less abundant proteins making up the rod and hook connecting the filament to the motor. Flagellar subunit proteins are probably translocated across the inner membrane through the center of the basal ring into a channel in the growing axial rod, which ultimately forms a continuous structure with the hook and filament (Fig. 2) [13] . Unassembled subunits progress through this channel until they reach the point of polymerization at the apex of the growing structure. In each of the various bacteria in which flagellar assembly has been studied extensively (E. coli, S. typhimurium, Caulobacter crescentus and Bacillus subtilis), up to eight gene products have been identified that are necessary for flagellar assembly and are homologous to conserved components of the Type III system used in virulence factor secretion. It should be noted that flagellar-mediated motility is itself a virulence determinant in many bacterial pathogens. One practical benefit of the presumed mechanistic similarities between the Type IIIa and IIIb pathways is that agents developed to inhibit virulence factor secretion might also block flagellar assembly, further enhancing their therapeutic efficacy.
The mechanics of Type III secretory pathways have mainly been explored through work on Yop and Inv secretory systems (see Fig. 1 ). Eight gene products appear to be conserved in all Type III systems, and presumably make up the core of the secretory pathway. Most of the conserved components have multiple predicted membranespanning domains and are probably located in the cytoplasmic membrane, where they could form a complex allowing passage of substrates across the membrane. Only one component of the Type IIIb pathway, the Yersinia YscC protein and its homologs [14] , has not been found as part of the flagellar export pathway. This outer membrane protein is homologous to the PulD family of proteins, which are thought to form the channels through the outer membrane in Type II export pathways [1, 2] . The flagellar export system might lack an outer membrane channel either because non-Gram-negative bacteria (including the primordial flagellated prokaryote, which likely preceded the divergence of this group) do not have an outer membrane, or because even in Gram-negative species flagellar subunits probably never encounter the outer membrane directly, as they are carried out of the cell via the channel inside the rod.
How are the substrates of Type III pathways recognized by the secretory apparatus? No obviously conserved amino acid sequences or motifs are evident in Type III substrates that might account for their unified secretion mechanism. Substrate proteins clearly lack amino-terminal signal peptides analogous to those recognized by the general secretory pathway, but the somewhat limited experimental investigation of this issue to date suggests that Type III secretion signals are frequently located at or near the amino terminus [15] [16] [17] . In the general secretory pathway, recognition of signal-peptide-containing substrates is done by the SecA and SecB proteins in the cytoplasm [2] . These proteins form a ternary complex with nascent substrate proteins, in which SecA interacts directly with the signal peptide, and SecB prevents the substrate protein from folding. The chaperone function of SecB is critical, as proteins probably do not cross membrane secretory channels in their final folded conformation, but rather are threaded through as an extended polypeptide chain. The SecA-SecB-substrate complex binds to the membrane translocation machinery, where the ATPase activity of SecA drives partial insertion of SecA into the membrane and translocation of the substrate through the SecEY channel.
SecA and SecB may have parallels in the Type III pathway. The most highly conserved of all the Type III system components is a cytoplasmic ATPase, which may mimic SecA function [18] . As for SecB equivalents, several small, acidic cytoplasmic proteins have been identified which bind to specific virulence factors and are necessary for export [19] . The role of substrate recognition in Type IIIb systems may reside at least partly with these putative chaperone proteins. Rosqvist et al. [20] found that the Shigella IpaB protein is readily secreted by Yersinia pseudotuberculosis, and YopE is secreted by S. typhimurium, provided in each case that the native chaperones are present (Shigella IpgC for IpaB and Yersinia SycE for YopE). This suggests that the substrate-chaperone complex is the entity recognized by the remainder of the pathway. The substrate-recognition codes for Type IIIa and IIIb pathways presumably are distinct, as some bacteria (for example, S. typhimurium) maintain both Type IIIa and Type IIIb pathways simultaneously. Failure to discriminate between substrates Dispatch 929
Figure 2
Assembly of the bacterial flagellum. The inset shows a typical multiflagellated bacterial cell, such as S. typhimurium. The MS ring, made up of the FliF protein, is the first component of the flagellum assembled in the inner membrane and serves as a foundation for the remainder of the structure. The Type IIIa secretory apparatus is thought to be located in the center of the MS ring. Flagellar assembly occurs in sequential fashion, with the rod constructed first, followed by the hook and the filament. The current view is that the subunit proteins composing each of these structures are recognized by the secretory apparatus -which includes a homolog of the YscN ATPase ( Fig. 1 ; not shown here) -pass through the pore, and are discharged into the axial channel, indicated by dashed lines. Subunits proceed through the channel to the tip of the growing axial structure, where they polymerize. The outer ring structures serve as bushings for the flagellum as it passes through the cell wall and outer membrane, and are added after rod assembly; the proteins which make up the outer rings are secreted via the general secretory pathway, not the flagellar-specific pathway. The bacterial flagellum is likely to be a very ancient invention, as most eubacterial species and at least some archaebacteria are able to build flagella with similar architectures. The core of the Type III secretory pathway is probably equally ancient, with components of this pathway having been found associated with flagellar assembly in phylogenetically diverse bacterial species. In contrast, virulence factor secretion using Type IIIb pathways has only been documented in Gram-negative bacteria, most of which are fairly closely related, although the host specificity of these pathogens ranges from mammals to plants [21] . This suggests that virulence factor secretion via Type III pathways arose relatively late, probably after the evolution of metazoan hosts that could be parasitized. A reasonable scenario is that the Type IIIb pathway was derived from a duplicated set of flagellar secretory components.
Support for this idea comes from sequence comparisons of various component proteins -homologs from Type IIIa systems are more similar to each other than to components of Type IIIb systems ( [21] ; our own analysis). The key step in divergence of the Type IIIb pathway was probably acquisition of the outer membrane channel from a Type II pathway to allow transit of the outer membrane without using the basal body/rod structure of the flagellum. Once the Type IIIb system came together, it may have spread among species by horizontal gene transfer, as most Type IIIb systems are encoded by plasmids or chromosomal 'pathogenicity islands' with base compositions distinct from the rest of the chromosome [11] . Whether conserved, dedicated pathways for secretion of virulence factors can be exploited as the Achilles heel of various Gram-negative pathogens [1] will depend on our learning much more about the structure and function of these pathways.
